Escherichia coli is a major cause of bloodstream and urinary tract infections globally.
The simulations were initialised with a random selection of κ genotypes from the 2 4 3 genomic data, which were biased such that those isolates observed in 2001 were 2 4 4
represented at one thousand fold greater frequency than genotypes collected in later 2 4 5
years. This was necessary to 'seed' the initial population with ST131 and ST69, to represented the rate at which all isolates entered the population through migration;
this was biased to import all sequence clusters at the same rate, to avoid any fits in 2 4 9
which high rates of migration would artefactually replicate the population observed in Bayesian Computation (ABC) using the BOLFI algorithm, which has been shown to genomic data and in the simulations, as ascertained through randomly sampling 2 6 0 discrete sets of isolates in accordance with the size and timings of the genomes Previous work on this population suggested it was subject to balancing selection
based on the persistent diversity of strains, and stable prevalence of resistance
phenotypes, despite the invasion of genotypes ST69 and ST131, the latter of which has an MDR phenotype 16 . It is possible this could represent strains being adapted to 2 7 5 distinct niches through unique gene content. However, using the previous analysis of gene content with Roary, the 18 strains with at least ten representatives in the
population had a mean of only 16.7 private genes (range: 1-49), defined as those
loci present at >95% in one strain, and <5% in all others. This is consistent with 2 7 9
strains being defined by a characteristic combination of common accessory loci, Fig 1A, Fig S2) . This is consistent with these loci did not successively weaken year-on-year, as might be expected with neutral drift 2 9 1 (Fig 1B) . Instead, deviation from the first sample increased until 2008, as the 2 9 2 sequence clusters (SCs) primarily associated with ST131 and ST69 became more 2 9 3 prevalent ( Fig 1C) . The rise of ST131 was primarily driven by a dramatic rise in the 2 9 4
prevalence of MDR clade C isolates, with clade B persisting at a lower, but stable,
level. This was followed by a reversion back towards the equilibrium gene In order to obtain a population-wide view of these dynamics, the previously- corresponding to genes identified by Roary that were between 5% and 95% in the 2001 sample plus ten antibiotic resistance phenotypes, were assumed to be those These simulations successfully reproduced several aspects of the observed data 3 1 9 (Fig 2, Fig S3) . Both ST131 and ST69 rapidly spread through the population, before proportionate to their original prevalence. The greater invasion rate of ST131,
relative to ST69, is an artefact of its higher prevalence in the overall dataset meaning
it is seeded at a higher level, rather than a true ecological difference. Although NFDS 3 2 9
constrains the invasion of new strains in these simulations, the multidrug-resistant
clade C of ST131 is still able to reach high prevalence, even when such selection is
active. This may be at least partially attributable to some members of this recently-
emerged clade C having considerably diversified in their genome content, as were similar to those between random representatives selected from the same 3 3 5
sequence cluster ( Fig S4) . This might enable the clade to avoid the limitations of any
loci that NFDS would suppress to low frequencies. Hence the underlying genotype of Core and accessory genomic structure of the ST131 population.
4 4
A maximum likelihood phylogeny generated from an alignment of concatenated core
CDS from all 862 genomes confirmed the earlier consensus three clade structure of
the lineage (Fig 3a) , and in agreement with previous studies, there was no strong
phylogeographic signal or host source clustering evident in the phylogeny
frequencies was not feasible, as even focussing on the 3,354 present at between 5%
and 95% frequency found the majority of these were present at a frequency below 3 8 1 20% ( Fig S1) . Therefore, the search was refined to clade specific genes, occurring at 3 8 2 a frequency > 95% in one clade but at <5% in the other two clades (Dataset S1). combined also encode hypothetical proteins and metabolic functions, notably five
dehydrogenase enzymes involved in anaerobic metabolism labelled yihV, garR_3,
fadJ, fdhD, and gnd in our dataset (Dataset S2). Blast analysis against the NCBI 3 9 2
non-redundant database suggested that the dehydrogenase enzyme gene annotated
as pdxA in our Roary dataset was confined to clade C ST131 strains. These
dehydrogenase enzyme genes were found to be present across phylogroup B2 E.
coli strains (of which ST131 is a member) through BLASTN searches of the NCBI non-redundant database. Therefore these loci are not unique to clade C ST131, and
were either acquired by an ancestral clade B/C strain, or have been lost by clade A.
High diversity in core anaerobic metabolism genes unique to clade B/C 3 9 9
Analysis of accessory loci private to clade B/C (present in >95% of that population) clade B/C of the E. coli ST131 lineage. We sought to determine the distribution of this allelic diversity across the E. coli analysis shows that each alternative allele occurs at very low frequency but that versions of genes by >5% at nucleotide level, it is implausible that these alleles 4 3 3
would be arising repeatedly and independently via mutation. Instead, the most
parsimonious explanation is that the minor frequency alternative alleles are being Given that our data set is biased towards clade C genomes, we performed Finally, we sought to exclude the possibility that the presence of these allelic variants equally as likely to happen in any given strain independent of its geographical origin. The possibility exists that the above observations made for clade C of E. coli ST131 ST131 (Fig 7) . ST73 and ST95 displayed similar ratios of alternative alleles in P and
Type 1 fimbriae, cell division and septation genes, and multiple iron acquisition in the ST131 lineage.
7 6
The accumulation of nucleotide diversity in a given set of loci can often be
interpreted as a signature of some form of selection occurring on those genes.
7 8
However the low levels of frequency of any given allele across clade C strains However, these results can be reconciled with a lineage evolving under NFDS. anaerobic conditions. The evolutionary events that led to the emergence of E. coli ST131 have been an in the E. coli population which strongly suggest this species' population structure and susceptible, genotypes at almost untouched prevalence.
0 6
Previous work has suggested that clade C strains of E. coli ST131 undergo reduced 5 0 7 levels of detectable core genome recombination compared to other phylogroup B2 E. clade B/C, respectively. Such an observation is a classic signature of ecological
separation of the two populations 37, 38 , particularly given that the genetic distance
between clade A and clade B/C is much smaller than it is to other lineages and
species from which the circulating genes are also found in the NCBI non-redundant
database.
1 9
Our analysis also identified a significantly increased level of sequence diversity in
genes involved in key host colonisation processes in clade C. This diversity was 5 2 1 uncovered through our pan-genome analysis as allelic variants of core genes.
2 2
Primary amongst these is a large number of genes involved in anaerobic biosynthesis. The pivotal role of ethanolamine production and cobalamin
biosynthesis in the ability of Gram negative pathogens to outcompete bacteria in the
human intestine is well documented 39, 40 , and this phenomenon only occurs when supported by an increased ability to perform anaerobic respiration in the presence of ST95. This diversity likely reflects selection occurring on genes important for ExPEC ExPEC, with the ability to initiate a successful UTI completely abrogated in the exploiting siderophore production by ExPEC has shown to be highly effective in multiple genes involved in capsule biosynthesis, which we have previously reported
as being a hotspot for recombination in E. coli ST131 13,35 . We also identified 5 4 9
multiple alleles of genes involved in controlling incomplete septation and filamentous
growth, which is a crucial process in the formation of the filamentous intracellular cytochrome-bd oxidase system in the ability to cause urinary tract infection 48 . Also in the ability to cause pathology in the mammalian urinary tract [49] [50] [51] .
Recent modelling data on why drug resistant and drug susceptible populations of 5 6 1 bacteria co-exist highlighted that any factors which increase the duration of 5 6 2 colonisation in a human host will also increase the selective pressure for it to evolve be consistent with its distinctive anaerobic metabolism loci facilitating enhanced
persistence within its host, perhaps through an improved ability to outcompete for an ability to offset the fitness costs of long term MDR plasmid maintenance 14 , is metabolism genes nor antibiotic resistance loci have swept to fixation in ST131, S6).
7 7
This diversification can instead be explained by NFDS, under which these genes are beneficial when rare, because they provide an advantage over co-colonising strains 5 7 9
which will typically lack the same metabolic capacities. However, as these traits Similarly, the capsule locus diversification previously observed within clade C, This study presents evidence for both ecological niche separation, resulting in the
formation of distinct subclades within ST131, and NFDS, resulting in the adaptive
radiation of specific phenotypes within clade C as it increases in prevalence. Further
studies are required to fully determine the extent to which niche separation and NFDS are also those that determine niche adaptation will be integral to this process.
9 4
Understanding the processes that govern the epidemiological dynamics of dominant critical for addressing the public health threat of antibiotic resistance.
9 7
Data accession 5 9 8
Accession numbers for the reads used in this study are listed in Table S1 with
information of year and place of isolation and the results of the in silico PCR for
clade specific SNPs. indicate where a significant difference exists between clade A and clade C as determined by t-test. A (orange) and subsampled Clade C vs. Clade B (orange). P = 0.042 for Clade C vs. of the mean. Significance was determined using the median value p-value from Chi 8 1 6
squared tests performed on random subsamples of the C clade. capsule production (blue boxes), cell division (grey boxes), iron acquisition (orange 8 2 2 boxes), pili/fimbriae production (green boxes), flagella (red boxes), and MDR efflux ST131 population is indicated by an appropriately coloured line. (green) and ST95 (purple) compared to a repetitively sampled Clade C ST131 8 2 9
(orange). The proportion of the accessory genome is plotted against manually standard error of the mean. Iterative Chi squared tests were performed to assess 8 3 3
significance, as described in methods, p<0.05 (*), p<0.01 (**) and p<0.001 (***). appear at that given frequency. be present at a mean frequency between 0.05 and 0.95 across the entire collection. shows the frequency in a subsequent year. These graphs show how the correlation 8 4 7
between the starting frequencies, in 2001, and later years weakened until 2008, at 8 4 8
